Newly generated T cells are unable to respond to antigen/MHC. Rather, post-selection single-positive thymocytes must undergo T cell maturation to gain functional competency and enter the long-lived naive peripheral T cell pool. This process is poorly understood, as no gene specifically required for T cell maturation has been identified. Here, we demonstrate that loss of the transcriptional repressor NKAP results in a complete block in T cell maturation. In CD4-cre NKAP conditional knockout mice, thymic development including positive selection occurs normally, but there is a cell-intrinsic defect in the peripheral T cell pool. All peripheral naive CD4-cre NKAP conditional knockout T cells were found to be functionally immature recent thymic emigrants. This defect is not simply in cell survival, as the T cell maturation defect was not rescued by a Bcl-2 transgene. Thus, NKAP is required for T cell maturation and the acquisition of functional competency.
The completion of development of B cells within the bone marrow, or T cells within the thymus, does not result in the generation of lymphocytes that are ready to participate in an immune response (Thomas et al., 2006; Fink, 2009) . B and T cells that are newly produced are not yet competent, and must undergo a further maturation step that is initiated in the primary lymphoid organs and completed in the secondary. Peripheral B cell maturation is well defined. Immature, newly produced B cells enter the spleen and undergo a transition to become competent mature peripheral B cells; defined phenotypically as (transitional) T1, T2, and T3 populations (Allman et al., 2001 ). This is dependent on the cytokine BAFF/BLyS and its receptor BAFF-R/BLyS receptor, as well as signals through the BCR (Hsu et al., 2002; Wang and Clarke, 2003) . Typically, B cells stay in transition for only a few days, at which point they either mature into the long-lived pool or die (Allman et al., 1993) . T cells undergo a similar maturation (Boursalian et al., 2004) . As T cells gain functional competence, they express the marker Qa2 and down-regulate expression of CD24/ HSA (Vernachio et al., 1989; Ramsdell et al., 1991) . Maturation initiates postselection in the thymic medulla and is completed in the periphery (Houston et al., 2008) , with recent thymic emigrants (RTEs) having a more mature phenotype than medullary single-positive (SP) thymocytes (Gabor et al., 1997) . RTEs are not fully mature, as they have a defect in proliferation and cytokine production in response to CD3 stimulation (Boursalian et al., 2004) . No gene has yet been isolated that specifically regulates T cell maturation.
On a genetic complementation screen to identify novel regulators of T cell activation, we identified NKAP (Pajerowski et al., 2009) . NKAP is a transcriptional repressor that associates with DNA, although likely in an indirect manner as it lacks any previously characterized DNA-binding domain (Pajerowski et al., 2009) . NKAP binds to HDAC3, as well as CIR, which is a component of the Notch co-repressor complex (Pajerowski et al., 2009) . Loss of NKAP early in T cell development, using Lck-cre NKAP conditional KO (cKO) mice, led to a severe block in  T cell development at the doublenegative 3 (DN3) to double-positive (DP) transition, whereas  T cell development was WT in which the majority of peripheral cells were naive (CD62L high CD44 low ), the majority of T cells in the periphery of CD4-cre NKAP cKO mice had a memory (CD62L low CD44 high ) phenotype. There was no statistical difference in the absolute number of memory CD4 T cells in the spleen between CD4-cre NKAP cKO mice and WT littermates, although the absolute number of naive CD4 T cells was decreased by 20-fold (Fig. 1 B) . Examination of deletion efficiency of the floxed NKAP allele demonstrated that NKAP was not deleted in the splenic CD4 memory population, which explains why no defects in cell numbers were observed in this population (Fig. 1 C) . However, in DP T cells in the thymus, NKAP was deleted with a >95% efficiency, whereas partial deletion was observed in peripheral CD4 naive T cells. This suggested that there was selective pressure against cells that had deleted NKAP and that the memory phenotype observed in the periphery was likely caused by homeostatic expansion of T cells in which NKAP was not deleted. After completing T cell development in the thymus, newly produced T cells exit into the periphery. These RTEs are not competent to initiate an immune response (Boursalian et al., 2004) . Rather, they must undergo T cell maturation to gain functional competence and enter the long-lived peripheral T cell pool. This process initiates in the thymus and is completed in the periphery (Houston et al., 2008) . The acquisition of functional competence and completion of T cell maturation correlates with the up-regulation of the marker Qa2 and down-regulation of the marker CD24/HSA (Vernachio et al., 1989; Ramsdell et al., 1991) . Qa2 expression is significantly decreased in CD4 SP thymocytes and peripheral naive CD4 T cells from CD4-cre NKAP cKO mice, as compared with WT mice (Fig. 1 D) . Similar results were observed in the CD8 lineage (unpublished data); therefore, CD4-cre NKAP cKO mice have a defect in T cell maturation.
The T cell defect is not caused by altered selection and cannot be rescued by the OT-II TCR transgene To exclude the possibility that the paucity of peripheral T cells from CD4-cre NKAP cKO mice is caused by altered positive selection during T cell development, the expression of CD5, CD69, and Nur77 were examined. No differences were observed in the cell surface expression of CD5 or CD69 in either DP or CD4 + SP thymocytes (Fig. 2 A) . Expression of Nur77 mRNA by quantitative PCR (Q-PCR) in semimature CD4 SP thymocytes was similarly unaltered in CD4-cre NKAP cKO mice as compared with WT (Fig. 2 B) . NKAP mRNA expression was also examined by Q-PCR in semimature CD4 SP thymocytes and was decreased by approximately fivefold (Fig. 2 B) in CD4-cre NKAP cKO mice, demonstrating that loss of NKAP expression does not lead to alterations in the expression of CD5, CD69, or Nur77. To determine whether the defect in T cell maturation could be rescued by expression of a TCR transgene, we crossed our mice to OT-II TCR transgenics (Barnden et al., 1998) . Thymic development of OT-II T cells effectively produced CD4 SP T cells in CD4-cre NKAP cKO mice (Fig. 2 C) . However, the unaffected (Pajerowski et al., 2009 ). In addition, NKAP is also absolutely required for the maintenance and survival of hematopoietic stem cells, as conditional deletion of NKAP results in hematopoietic failure, severe anemia, and lethality (Pajerowski et al., 2010) .
To understand if NKAP has additional roles in T cell development after the DN3-DP transition, we generated CD4-cre NKAP cKO mice. These mice have a severe defect in peripheral T cell numbers, although thymic cellularity and development are normal. Rather, we observe a defect in the expression of Qa2, indicating that T cell maturation may require NKAP. CD4-cre NKAP cKO thymocytes undergo normal positive selection, and the defect in T cell maturation cannot be rescued by expression of the OT-II transgenic TCR (Barnden et al., 1998) . Using mixed stem cell chimeras, the block in T cell maturation was found to be cell intrinsic. To prove that the defect in CD4-cre NKAP cKO mice is caused by a failure in T cell maturation, we crossed them to a Rag1-GFP reporter transgenic mouse (Kuwata et al., 1999) . We demonstrate that all the naive T cells in the periphery of CD4-cre NKAP cKO mice are RTEs that are functionally immature, as demonstrated by failure to produce IL-2 upon TCR/ CD28 stimulation. The paucity of peripheral T cells is not caused by a defect in thymic egress, as Rag1-GFP lo cells do not accumulate in the thymus of CD4-cre NKAP cKO mice. In addition, expression of CCR7, KLF2, and S1P1 is unaffected. The defect is not caused by loss of IL-7R expression, and IL-7 stimulation leads to appropriate phosphorylation of Stat5 and up-regulation of Bcl-2. The block in T cell maturation cannot be rescued by a Bcl-2 transgene, indicating that the defect is not simply caused by a block in IL-7R signaling or decreased survival. Mechanistically, this effect of NKAP deficiency on T cell maturation is independent of Notch, as the failure to mature was not eliminated upon RBP-J deletion. Therefore, NKAP has a critical and specific role in T cell maturation, and the defect in T cell maturation caused by NKAP deletion is not caused by a defect in positive selection, thymic egress, or IL-7R signaling. RESULTS CD4-cre NKAP cKO mice have normal thymic development but severe defects in peripheral T cells resulting from a defect in T cell maturation Previously, we identified NKAP as a transcriptional repressor and found that loss of NKAP early in T cell development resulted in a severe block at the DN3 to DP transition (Pajerowski et al., 2009) . To determine whether NKAP has additional roles in T cell development and function downstream of this block, we crossed our floxed NKAP mice with CD4-cre transgenic mice (Lee et al., 2001) . No gross alterations in T cell development were observed, as demonstrated by similar proportions and absolute numbers of CD4  CD8  DN, CD4 + CD8 + DP, CD4 + SP, or CD8 + SP thymocytes (Fig. 1 A) . However, in the periphery, defects in both the proportion and absolute number of peripheral CD4 and CD8 T cells were observed ( Fig. 1 B and unpublished data) . Interestingly, in contrast to The absolute number is the mean of four CD4-cre NKAP cKO and three WT littermates from at least two independent experiments. There is no statistically significant difference in the absolute number of DN, DP, or SP thymocytes between CD4-cre NKAP cKO and WT littermate controls. (B, left and middle) A representative FACS analysis of splenic and lymph node T cell populations in a CD4-cre NKAP cKO mouse and WT littermate. (right) Absolute number of splenic total CD4, memory CD4, and naive CD4 T cell populations in CD4-cre NKAP cKO and WT littermate controls. The absolute number is the mean of 9 CD4-cre NKAP cKO and 10 WT littermates from 6 independent experiments. The differences in splenic total CD4 numbers and in the number of naive CD4 T cells is statistically significant by Student's t test (P < 0.001). (C) CD4/CD8 DP thymocytes, or splenic CD19 + B cells, total CD8 + T cells, and naive or memory CD4 T cells from one CD4-cre NKAP cKO mouse and one WT littermate were FACS sorted and examined for NKAP deletion efficiency by Q-PCR (Pajerowski et al., 2009 ). All samples were normalized to expression of undeleted NKAP allele in WT B cells (100%). (D) CD4 SP thymocytes or naive CD4 + CD62L + CD44  splenic or lymph node T cells were examined for T cell maturation using the markers CD24/HSA and Qa2 from WT and CD4-cre NKAP cKO mice. Data shown are representative of at least five mice in each group from five independent experiments. Error bars represent the SEM.
whereas those that did not express V5 were Qa2 high and had a memory phenotype. Although many transgenic TCRs have the ability to homeostatically proliferate under lymphopenic conditions, a few, including those expressing the OT-II TCR, cannot (Ernst et al., 1999) . Therefore, only rare NKAP nondeleters that do not express the OT-II TCR would be able to homeostatically proliferate, and the small number of T cells that expressed high levels of Qa2 were comprised almost exclusively of T cells that endogenously rearranged and expressed a TCR other than OT-II, as demonstrated by reduced expression of V5. Thus, the T cell maturation defect upon loss of NKAP cannot be rescued by a transgenic TCR, and these data also support the hypothesis that the mature cells present in the periphery represent a homeostatic expansion.
The T cell maturation defect is cell intrinsic
The maturation of T cells requires entrance into the peripheral lymphoid organs and interactions with MHC (Houston et al., 2008) . Therefore, because additional signals must be peripheral maturation defect was maintained. Interestingly, if we examined expression of the OT-II transgenic TCR using antibodies against V5, the peripheral T cells that expressed the OT-II TCR were Qa2 low and had a naive phenotype, The relative mRNA expression of Nur77 and NKAP in semimature CD4 SP thymocytes from WT and CD4-cre NKAP cKO mice was examined by Q-PCR. All data were normalized to the expression in one of the WT samples. Data are the mean from independent sorts from four WT and three CD4-cre NKAP cKO mice from two independent sorting experiments. Error bars represent the SEM. There is no statistically significant difference between expression of Nur77 in WT and CD4-cre NKAP cKO mice. The difference in NKAP expression between WT and CD4-cre NKAP cKO mice is statistically significant by Student's t test (P < 0.01). (C) FACS analysis of thymic T cell development and T cell maturation was performed as described in Fig. 1 , using WT and CD4-cre NKAP cKO mice crossed to OT-II TCR transgene. The data shown are representative of at least four mice in each group from four independent experiments.
populations. If the loss of peripheral T cells was caused by a defect in appropriate developmental migration of DP thymocytes to the medulla, or in thymic egress, then an accumulation of SP cells that expressed lower levels of Rag-GFP reporter would have been predicted, but this was not observed. In addition, no differences were found in the expression of KLF2 and S1P1, which regulate thymic egress (Carlson et al., 2006; Zachariah and Cyster, 2010) , or in CCR7, which regulates thymic cortex to medulla migration (Kurobe et al., 2006) , in either CD4 + semimature (CD4 + CD8  CD69 + Qa2 lo ) thymocytes or RTEs from CD4-cre NKAP cKO mice (Fig. 4 B) . Therefore, the defect in peripheral T cell numbers is not caused by a defect in thymic migration or egress. In the periphery, in Rag1-GFP knock-in mice (Kuwata et al., 1999) , a minority of naive T cells in the spleen were GFP + , with a small fraction with the highest expression of GFP detected as a broad shoulder of cells that exited from the thymus at progressively earlier time points (Fig. 4 C) . However, in CD4-cre NKAP cKO mice that were crossed to Rag1-GFP knock-in mice, all naive CD4 T cells expressed high levels of GFP, indicating that they all were very RTEs. To examine the functional competency of these RTEs, splenocytes from Rag1-GFP knock-in mice crossed to either WT or CD4-cre NKAP cKO mice were stimulated overnight with plate-bound anti-CD3 and soluble anti-CD28 (Fig. 4 D) . The following day, expression of IL-2 was measured by intracellular flow cytometry. Although CD4 + GFP + WT RTEs produced IL-2, RTEs from CD4-cre NKAP cKO mice did not. Therefore, the naive peripheral pool of CD4-cre NKAP cKO mice is comprised entirely of RTEs that lack functional competency, demonstrating that NKAP is critical for T cell maturation, and that the defect is not caused by a failure in thymocyte migration or egress.
CD4-cre NKAP cKO mice do not have a defect in IL-7R expression or function
An alternative hypothesis for the paucity of peripheral T cell may lie in a defect in their survival. For example, Foxo1-deficient (Kerdiles et al., 2009) or Runx1-deficient (Egawa et al., 2007) T cells have a defect in peripheral T cell numbers, but not thymocyte numbers, caused by defective IL-7R expression leading to decreased survival. The expression of IL-7R was examined in CD4 + semimature thymocytes and splenic RTEs (Fig. 5 A) . There was a small decrease in IL-7R expression in semimature CD4 + thymocytes, which is not statistically significant. There was a twofold decrease in IL-7R expression in splenic CD4 + RTEs between WT and CD4-cre NKAP cKO. Although this result is statistically significant (P < 0.01, Student's t test), it is unlikely to be biologically meaningful, as IL-7R heterozygous mice do not have a peripheral T cell defect (Peschon et al., 1994; Akashi et al., 1997) . In addition, stimulation of CD4 SP thymocytes with IL-7 led to similar up-regulation of Bcl-2 expression and Stat5 phosphorylation in WT and CD4-cre NKAP cKO mice (Fig. 5 , B and C), indicating that IL-7R responses are unaltered in CD4-cre NKAP cKO mice.
received by an RTE, it is possible that the defect in T cell maturation in CD4-cre NKAP cKO mice may not be cell intrinsic. Therefore, we generated mixed stem cell radiation chimeras using bone marrow from either CD4-cre NKAP cKO mice or WT littermates, along with B6.SJL congenic bone marrow. The donors express different alleles of CD45 which can be differentiated by flow cytometry, to determine the contribution of each donor to the thymic and peripheral lymphocyte pools (B6.SJL congenic mice express CD45.1 although WT littermate/CD4-cre NKAP cKO mice express CD45.2). Induction of Qa2 was normal in both the thymus and spleen of control WT littermate/B6.SJL chimeras (Fig. 3 A) . However, no up-regulation of Qa2 was observed in either the CD4 or CD8 lineage in T cells derived from CD4-cre NKAP cKO bone marrow progenitors, whereas Qa2 expression was normal in T cells derived from B6.SJL progenitors within the same mixed chimera. Therefore, the block in T cell maturation caused by loss of NKAP is cell intrinsic. Additionally, the severity of the peripheral T cell phenotype was exacerbated in the mixed chimeras. The percentage of chimerism was stable in the control WT littermate/B6.SJL chimera from the CD4 and CD8 SP populations to the peripheral naive CD4 and CD8 T cell pools (Fig. 3 B) . However, there was a severe alteration in the relative chimerism in the CD4-cre NKAP cKO/B6.SJL chimera, resulting in a >95% drop in the contribution of CD4-cre NKAP cKO T cells to the naive CD4 or CD8 peripheral pool as compared with the chimerism in the thymic SP populations. Because the peripheral T cell pool is comprised of normal B6.SJL-derived naive T cells, there was no lymphopenia to cause the homeostatic expansion of non-NKAP-deleted T cells, as was observed in CD4-cre NKAP cKO mice. Therefore, the block in T cell maturation is intrinsic to both CD4 and CD8 RTEs in CD4-cre NKAP cKO mice.
All naive peripheral CD4 T cells in CD4-cre NKAP cKO mice are functionally immature, RTEs
If the defect in CD4-cre NKAP cKO mice is caused by a failure in T cell maturation, then all peripheral naive CD4 T cells would be expected to be functionally immature RTEs. RTEs in the periphery can be identified using a Rag-GFP reporter (Boursalian et al., 2004) . GFP expression is induced concurrently with Rag gene expression during T cell development. Although GFP expression ceases after Rag genes are turned off after TCR rearrangement is complete, the stability of GFP protein enables GFP expression to be maintained for 2-3 wk after T cell development is complete and these newly produced T cells exit the thymus (Boursalian et al., 2004) . GFP expression is slowly extinguished in the periphery, with expression decreasing as the length of time increases from thymic egress. Thus, by use of a Rag-GFP reporter, RTEs can be distinguished from naive T cells that are in the long-lived peripheral pool. Expression of the Rag1-GFP reporter was similar throughout T cell development in WT and CD4-cre NKAP cKO mice (Fig. 4 A) . In particular, the expression of Rag1-GFP was similar in both CD4 and CD8 SP modulates additional transcriptional pathways. Both the Notch co-repressor complex and the activation complex, which includes intracellular Notch and the co-activator MAML, function through the transcription factor RBP-J (also known as CSL; Maillard et al., 2005) . In the absence of the Notch corepressor complex, the Notch activation complex can proceed unabatedly to induce target genes, and the loss of NKAP early in T cell development leads to substantial potentiation of several Notch-regulated genes (Pajerowski et al., 2009) . However, in work by other groups, transduction of hematopoietic progenitors with constitutively activated truncated Notch did not cause any alterations in peripheral T cell numbers before the development of leukemia (Pear et al., 1996) . Thus, the defect in T cell maturation in CD4-cre NKAP cKO mice could be independent of its regulation of the Notch pathway. To determine this, we crossed CD4-cre NKAP cKO mice to mice with floxed RBP-J (Tanigaki et al., 2004) . It has been previously shown that conditional ablation of RBP-J using CD4-cre did not lead to a block in T cell maturation, as peripheral T cell numbers were normal (Tanigaki et al., 2004) . In the absence of RBP-J, Notch cannot bind to DNA and activate target gene expression, and therefore would blunt the super-activation of Notch target genes in the absence of NKAP. Therefore, if the block in T cell maturation was maintained upon deletion of both RBP-J and NKAP, then it would indicate that the block in T cell maturation in the absence of NKAP is independent of Notch. Consistent with previous studies (Tanigaki et al., 2004) , there was no block in T cell maturation in CD4-cre RBP-J cKO mice (unpublished data). However, the block in T cell maturation remained in CD4-cre NKAP/RBP-J double-cKO mice (Fig. 7) . Thus, the effect on NKAP deficiency on T cell maturation occurs via a separate and distinct mechanism from disruption of the Notch co-repressor complex.
DISCUSSION
We have shown that NKAP is absolutely required for T cell maturation. Although T cell development proceeds unimpeded upon loss of NKAP at the DP stage, the newly produced thymocytes do not complete T cell maturation, gain functional competency, or enter the long-lived naive T cell pool. A defect in maturation was indicated by a failure to down-regulate CD24/HSA and up-regulate Qa2 markers, which distinguish Therefore, unlike Foxo1-or Runx1-deficient mice, the reduction in peripheral T cell numbers in CD4-cre NKAP cKO mice is not caused by the loss of expression or function of the IL-7R.
Overexpression of Bcl-2 does not rescue the T cell maturation defect in CD4-cre NKAP cKO mice During peripheral B cell maturation, transitional B cells must receive a maturation signal before progressing to the longlived follicular or marginal zone B cell pool (Thomas et al., 2006) . Through modulation of the cytokine BAFF/BLyS, or overexpression of a Bcl-xl transgene, the length of time these newly produced B cells are maintained in the transitional B cell pool is expanded, allowing for a greater percentage of transitional B cells to receive the maturation signal and enter the long-lived peripheral pool (Hsu et al., 2002; Amanna et al., 2003) . By extension, one explanation for the failure of T cell maturation in CD4-cre NKAP cKO mice may be caused by decreased survival, which prevents these RTEs from receiving the maturation signal. If so, then overexpression of a Bcl-2 transgene would be able to rescue the T cell maturation defect in the absence of NKAP. CD4-cre NKAP cKO mice were crossed with a human Bcl-2 transgene under the control of the lck promoter (Sentman et al., 1991) . As shown in Fig. 6 A, the T cell maturation defect was not rescued by overexpression of Bcl-2. Although Bcl-2 overexpression increased the size of the naive peripheral pool in both WT and CD4-cre NKAP cKO mice, there was still a 10-fold decrease in the absolute number of splenic naive CD4 + T cells in WT mice as compared with Bcl-2 transgenic CD4-cre NKAP cKO mice (Fig. 6 B) . As a control, we found that the Bcl-2 transgene was expressed at similar levels in both CD4 + semimature thymocytes and splenic RTEs (Fig. 6 C) . Therefore, the failure of Bcl-2 to rescue peripheral T cell cellularity indicates that the block in T cell maturation is not secondary to a defect in RTE survival.
The defect in T cell maturation in CD4-cre NKAP cKO mice is independent of Notch activation
In our initial description of NKAP, we identified it as a novel HDAC3-associated transcriptional repressor that functions as a negative regulator of the Notch pathway (Pajerowski et al., 2009 ). However, this does not exclude the possibility that NKAP Figure 3 . The defect in T cell maturation is cell intrinsic in CD4-cre NKAP cKO mice. (A) Mixed radiation chimeras were generated by injecting lethally irradiated B6.SJL mice (CD45.1 + ) with a combination of either CD4-cre NKAP cKO (CD45.1  )/B6.SJL (CD45.1 + ) bone marrow or a combination of WT littermate (CD45.1  )/B6.SJL (CD45.1 + ) bone marrow. 10 wk later, T cell development and maturation in both the CD4 and CD8 populations was analyzed as in Fig. 1 . Within each mouse, the CD45.1 allelic marker was used to differentiate T cells derived from B6.SJL (CD45.1 + ) from either WT or CD4-cre NKAP cKO mice (CD45.1  ). The data shown are representative of eight WT mixed chimeras and six cKO mixed chimeras from three independent experiments. (B) Shown is a comparison of relative CD45.1  chimerism, comparing the percentage of chimerism in splenic naive T cells to the percentage of chimerism in SP thymocytes for both CD4 and CD8 T cells, from either CD4-cre NKAP cKO or control WT littermate mixed radiation chimeras described in A. The data are the mean from eight control WT littermate mixed chimeras and six CD4-cre NKAP cKO mixed chimeras from three independent experiments. For each mouse, the data are calculated by dividing the CD45.1  chimerism in spleen by the relative chimerism in thymus. The mean relative chimerism for each population is shown, and error bars reflect the standard deviation. The expression of CCR7, KLF2, and S1P1 was examined in semimature CD4 SP thymocytes and CD4 RTEs. No differences were observed in the expression of CCR7 on the cell surface of WT and CD4-cre NKAP cKO semimature CD4 SP thymocytes and CD4 RTEs. A representative FACS plot of at least four mice examined per group from four independent experiments is shown. The relative mRNA expression of KLF2 and S1P1 in semimature CD4 SP thymocytes from WT and CD4-cre NKAP cKO mice was examined by Q-PCR. All data were normalized to the expression in one of the WT samples. Data are the mean from four WT, three CD4-cre NKAP cKO, six Rag1-GFP mice, and at least four Rag1-GFP CD4-cre subsequently failing to complete maturation and enter the long-lived T cell pool. CD4-cre Foxp1 cKO mice have a peripheral T cell defect, but are capable of appropriately down-regulating CD24/HSA and up-regulating Qa2 (Feng et al., 2010) , indicating that the defect is not in T cell maturation. Expression of Runx1, Foxo1, Foxp1, KLF2 and S1P1 were not altered in CD4 + semimature thymocytes or CD4 + RTEs from Rag1-GFP CD4-cre NKAP cKO mice as compared with Rag1-GFP WT mice as measured by Q-PCR (Fig. 5 and Fig. S1 ). Therefore, the phenotype of the CD4-cre NKAP cKO mice, a specific block in T cell maturation, is unlike those of other mice previously examined with peripheral T cell defects.
Similarly, several lines of mice that alter NF-B signaling have been generated that lead to a severe deficiency in peripheral T cells: Tak1 cKO mice Sato et al., 2006; Wan et al., 2006) , c-FLIP cKO mice (Chau et al., 2005; Zhang and He, 2005) , NEMO/IKK cKO mice (SchmidtSupprian et al., 2003) , and mice with conditional ablation of the kinase domain of IKK2 (IKK2K; Schmidt-Supprian et al., 2003) . CD4-cre NEMO/IKK cKO mice and CD4-cre IKK2K have normal numbers of thymocytes, but a dramatic decrease in peripheral T cell numbers. Examination of CD24/HSA in SP thymocytes indicated that both of these lines had defects in down-regulation of CD24/HSA, implying that there may be a defect in maturation. Similar results were observed in Lck-cre Tak1 and Lck-cre c-FLIP cKO mice (Zhang and He, 2005; Liu et al., 2006; Sato et al., 2006) . However, expression of CD24/HSA or Qa2 was not examined in peripheral populations to determine whether there was a defect in T cell maturation, nor were these lines crossed to a Rag-GFP reporter strain to indicate that the peripheral T cells present were all RTEs. It may be that defects in the NF-B pathway lead to alterations in the survival of mature peripheral T cells rather than a defect in T cell maturation. CD4-cre TAK1 cKO mice have normal expression of IL-7R, but have defects in IL-7-mediated survival (Wan et al., 2006) . Enhanced apoptosis was also observed in SP thymocytes from CD4-cre NEMO/IKK cKO mice and Lck-cre c-FLIP cKO mice (Schmidt-Supprian et al., 2003; Zhang and He, 2005) , which is not surprising as the NF-B pathways regulate cell survival. In contrast, NKAP-deficient thymocytes responded normally to IL-7 stimulation and the defect in T cell maturation could not be rescued by overexpression semimature T cells that have completed T cell development from fully mature T cells that can participate in an immune response. A functional defect in maturation was exhibited by naive CD4 T cells from CD4-cre NKAP cKO mice, which did not produce IL-2 upon TCR/CD28 stimulation. The defect in maturation was cell intrinsic, as demonstrated using mixed radiation chimeras, and could not be rescued by expression of the OT-II transgenic TCR. Consistent with a block in T cell maturation, NKAP-deficient CD4 peripheral T cells did not enter the long-lived T cell pool and were almost exclusively RTEs, as demonstrated by residual expression of a Rag1-GFP reporter. Thus, NKAP is required for T cell maturation.
Although other KO animals display defects in peripheral T cell numbers, such as Foxo1-deficient (Kerdiles et al., 2009 ), Runx1-deficient (Egawa et al., 2007) , KLF2-deficient (Carlson et al., 2006) , and Foxp1-deficient (Feng et al., 2010) mice, the specific defect in T cell maturation observed upon NKAP deletion is unique. Conditional deletion of Foxo1 (Kerdiles et al., 2009) or Runx1 (Egawa et al., 2007) led to down-regulation of IL-7R expression, and consequently altered thymocyte and peripheral T cell survival. The differences in expression of IL-7R was twofold or less in CD4 + semimature or splenic RTEs from CD4-cre NKAP cKO mice as compared with WT. As IL-7R heterozygous mice do not have a defect in the number of peripheral T cells (Peschon et al., 1994; Akashi et al., 1997) , it is unlikely that this difference is the cause of the effect on the naive T cell pool. In addition, thymocytes from CD4-cre NKAP cKO mice respond normally to IL-7 stimulation by up-regulating Bcl-2 expression and phosphorylating Stat5, indicating that there is also no defect in IL-7R signaling. Mice deficient in KLF2 (Carlson et al., 2006) have a defect in thymic egress stemming from defects in S1P1 expression (Zachariah and Cyster, 2010) , leading to an accumulation of CD4 and CD8 SP T cells in the thymus. CD4-cre NKAP cKO mice have similar CD4/CD8 FACS profiles and numbers of CD4 and CD8 SP cells in the thymus as compared with WT, indicating that there is no accumulation of SP thymocytes. By crossing the mice to Rag1-GFP knock-in mice (Kuwata et al., 1999) , we demonstrate that the naive peripheral T cell pool in CD4-cre NKAP cKO mice is comprised almost entirely of GFP + RTEs, demonstrating that these cells can egress from the thymus and migrate appropriately to the periphery, despite NKAP cKO mice from four independent sorting experiments. Error bars reflect the SEM. No differences in expression were statistically significant between WT and CD4-cre NKAP cKO mice. (C) Analysis of peripheral T cell populations in Rag1-GFP or Rag1-GFP CD4-cre NKAP cKO mice was performed as in Fig. 1 . Although transcription of GFP under the control of Rag1 ceases at the CD4 + /CD8 + DP stage, GFP expression is maintained throughout subsequent T cell development and for 2-3 wk in the periphery, marking cells as recent RTEs. WT mice without the Rag1-GFP transgene is shown for comparison. The data shown are representative of six mice in each group from five independent experiments. (D) Splenocytes from Rag1-GFP or Rag1-GFP CD4-cre NKAP cKO mice were left unstimulated (gray histogram) or stimulated overnight with 10 µg/ml anti-CD3 and 1 µg/ml anti-CD28 (black histogram). The following day, cultures were harvested and surface stained for CD4 and CD8, and then stained intracellularly for IL-2. For IL-2 histograms, cells were gated on CD4 + CD8  GFP + RTEs. The data shown are representative of four Rag1-GFP CD4-cre NKAP cKO mice and two Rag1-GFP mice examined from two independent experiments.
of a Bcl-2 transgene, indicating that the paucity of peripheral T cells in CD4-cre NKAP cKO mice is not simply caused by increased apoptosis. Expression of Tak1, NEMO, or cFLIP as measured by Q-PCR was not altered in CD4 + semimature thymocytes or CD4 + RTEs from Rag1-GFP CD4-cre NKAP cKO mice as compared with Rag1-GFP WT mice (Fig. S1) . Thus, conditional deletion of NKAP in DP thymocytes leads to a unique and specific block in T cell maturation, unlike other previously described mice with peripheral T cell defects.
Our initial biochemical work demonstrated that NKAP functions as a transcriptional repressor, and, at least in part, as a negative regulator of Notch signaling through a direct association with CIR and the Notch co-repressor complex (Pajerowski et al., 2009) . Upon NKAP deletion at the DN3 stage in Lck-cre NKAP cKO mice, expression of three Notch-regulated genes, Hes1, Deltex, and CD25, increased from 8-to 20-fold, indicating that NKAP functions as a negative regulator of Notch signaling in vivo. To determine whether the defect in T cell maturation in the CD4-cre NKAP cKO mice was caused by altered regulation of the Notch pathway, we crossed the mice to RBP-J floxed mice (Tanigaki et al., 2004) to eliminate the transcription factor through which intracellular Notch activates transcription. CD4-cre RPB-J cKO mice had normal numbers of peripheral T cells, demonstrating that T cell maturation was intact. However, the defect in T cell maturation was still observed in CD4-cre RBP-J/NKAP double deficient mice, indicating that altered Notch pathway activation is not the cause of the T cell maturation defect. Therefore, NKAP must modulate transcription pathways in addition to Notch to regulate T cell maturation, which is currently under investigation. chain expression on CD4 + SP thymocytes (CD4 + CD8  Rag1-GFP + ) and CD4 + CD8  GFP + RTEs from spleen from WT and CD4-cre NKAP cKO mice was examined. The relative mean fluorescence intensity was examined. Within each experiment, the expression of IL-7R was normalized to that in WT CD4 + SP thymocytes (= 1). The difference in IL-7R expression between WT and CD4-cre NKAP cKO CD4 + SP thymocytes is not statistically significant. The twofold difference in expression in CD4 + RTEs between WT and CD4-cre NKAP cKO mice is significant (P < 0.01). A total of four Rag1-GFP + and three Rag1-GFP + CD4-cre NKAP cKO mice were examined in three independent experiments. (B) Thymocytes from WT and CD4-cre NKAP cKO mice were stimulated overnight with 10 ng/ml IL-7. The cultures were surface stained for CD4, CD8, and IL-7R expression, and then stained intracellularly for expression of Bcl-2. The difference in Bcl-2 expression in IL-7-stimulated WT and CD4-cre NKAP cKO CD4 + SP thymocytes is not statistically significant. The data shown are representative of three mice in each group from three independent experiments. (C) Thymocytes from WT and CD4-cre NKAP cKO mice were stimulated overnight with 10 ng/ml IL-7. The cultures were surface stained for CD4, CD8, and IL-7R expression, and then stained intracellularly for expression of phospho-Stat5. The difference in phospho-Stat5 expression in IL-7-stimulated WT and CD4-cre NKAP cKO CD4 + SP thymocytes is not statistically significant. The data shown are representative of six mice in each group from five independent experiments. Fig. 1 in WT, CD4-cre NKAP cKO mice, Bcl-2 transgenic, and Bcl-2 transgenic/CD4-cre NKAP cKO mice. Data shown are representative of two to three mice per group from two independent experiments. (B) Absolute number of naive CD4 splenocytes from WT, Bcl-2-transgenic, CD4-cre NKAP cKO, and Bcl-2-transgenic CD4-cre NKAP cKO mice is shown. Data are the mean of 2-3 mice per group from two independent experiments. Error bars represent SEM. The 10-fold difference in cellularity of naive CD4 splenocytes between WT and Bcl-2-transgenic CD4-cre NKAP cKO mice is statistically significant by Student's t test (P < 0.02). (C) Human Bcl-2 expression on CD4 + SP thymocytes (CD4 + CD8  Rag1-GFP + ), and CD4 + CD8  GFP + RTEs from spleen from Bcl-2-transgenic and Bcl-2-transgenic CD4-cre NKAP cKO mice was examined. The expression of the Bcl-2 transgene is similar between WT and CD4-cre NKAP cKO mice. Data shown are representative of four mice per group from three independent experiments. Antibodies. All antibodies for flow cytometry were purchased from either BD, BioLegend, or eBioscience. 2C11 anti-mouse CD3 and 37.51 anti-mouse CD28 were purchased from Bio-X-Cell.
Stimulations. Recombinant mouse IL-7 was purchased from PeproTech. Thymocytes from WT or CD4-cre NKAP cKO mice were left unstimulated or stimulated overnight with 10 ng/ml IL-7. The following day, thymocytes were surface stained for CD4, CD8, and/or IL-7R, or stained intracellularly for Bcl-2 or phospho-Stat5. For intracellular IL-2, splenocytes from Rag1-GFP WT or Rag1-GFP CD4-cre NKAP cKO mice were left unstimulated or stimulated overnight with 10 µg/ml anti-CD3 (clone 2C11) and 1 µg/ml anti-CD28 (clone 37.51).
Analysis of deletion efficiency of NKAP. NKAP deletion efficiency was analyzed by genomic Q-PCR as previously described (Pajerowski et al., 2009 ).
FACS sorting.
To isolate CD4 + semimature T cells, thymocytes from Rag1-GFP or Rag1-GFP CD4-cre NKAP cKO mice were harvested and negatively selected for CD8 + cells using magnetic bead selection. Cells were sorting used antibodies to CD4, CD8, TCR, Qa2, CD69, and a "dump" cocktail containing CD25, NK1.1, and PBS-57/CD1d tetramers to exclude T reg cells, NK cells, and invariant NKT cells. PE-labeled PBS-57/CD1d tetramer was obtained through the National Institutes of Health Tetramer Facility. CD4 + semimature T cells were selected for CD4 + CD8  TCR + Qa2 lo CD69 hi GFP + expression. CD4 + RTEs were sorted from Rag1-GFP or Rag1-GFP CD4-cre NKAP cKO mice splenocytes based on CD4 + CD8  GFP + expression. All sorting was performed on a FACSAria (BD).
MATERIALS AND METHODS
Floxed and transgenic mice. The generation of floxed NKAP mice was previously described (Pajerowski et al., 2009) . RBP-J floxed mice were generated and provided by T. Honjo (Kyoto University, Kyoto, Japan; Tanigaki et al., 2004) . Rag1-GFP mice were generated and provided by N. Sakaguchi (Kumamoto University, Kumamoto, Japan; Kuwata et al., 1999) . Human Bcl-2 transgenic mice were generated by S. Korsmeyer (Dana-Farber Cancer Institute, Boston, MA; Sentman et al., 1991) and provided by A. Singer (National Institutes of Health, Bethesda, MD). CD4-cre (Lee et al., 2001 ) and OT-II TCR transgenics (Barnden et al., 1998) were purchased from Taconic through the National Institute of Allergy and Infectious Disease emerging models program. Mice were housed in a barrier facility and all experiments were performed under the guidelines and with the approval of the Mayo Clinic institutional animal care and use committee. All animals were analyzed between 8-12 wk of age. All CD4-cre NKAP cKO mice were examined with littermates as controls.
Generation of radiation chimeras. B6.SJL donors and recipients were purchased from National Cancer Institute Frederick, and radiation chimera generation was performed as previously described (Pajerowski et al., 2010) .
Flow cytometry. Analysis was performed on a LSR II Flow cytometer (BD). Experiments were analyzed using FlowJo (Tree Star). All data were doublet excluded using FSC-H/FSC-W and SSC-H/SSC-W before analysis. In all experiments, except intracellular staining, dead cells were excluded from analysis by staining with DAPI. 
